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Mechanistic comparison of artificial-chaperone-assisted and
unassisted refolding of urea-denatured carbonic anhydrase B
Peter E Hanson* and Samuel H Gellman
Background: We have previously described a method for the refolding of
chemically denatured proteins in which small molecules (‘artificial chaperones’,
a detergent and cyclodextrin) assist renaturation. In a previous analysis of
lysozyme refolding from the GdmCl-denatured, DTT-reduced state, we found
that enzymatic activity is regained at indistinguishable rates for unassisted
(absence of additives) and artificial-chaperone-assisted refolding. While
unassisted and artificial-chaperone-assisted refolding rates could also be
directly compared for GdmCl-denatured bovine carbonic anhydrase B (CAB),
only cationic detergents could be used as assistants. We therefore set out to
determine whether artificial chaperones could assist the refolding of urea-
denatured CAB, whether the charge and structure of the detergent used affects
refolding assistance, and, if so, whether the assistance is mechanistically similar
to that observed for GdmCl-denatured CAB.
Results: Our results indicate that CAB can be refolded from the urea-
denatured state via the artificial chaperone process, using both anionic and
cationic detergents. There is a distinctive product-determining step early in the
artificial-chaperone-assisted refolding mechanism, but the rate-determining
steps of the unassisted and artificial-chaperone-assisted processes are
indistinguishable.
Conclusions: Because the rate-determining steps of unassisted and artificial-
chaperone-assisted refolding are indistinguishable, we conclude that the rate-
determining step of CAB refolding is unaffected by the use of artificial
chaperones. Our observations also suggest that denatured CAB undergoes a
slow partial folding in concentrated urea solution.
Introduction
Protein folding is a central problem in biological chemistry
at both fundamental and practical levels. At the funda-
mental level, it is impossible to predict tertiary structure
from a knowledge of amino acid sequence, because of our
inadequate understanding of the noncovalent networks
that determine conformational preferences [1]. At the
practical level, the resistance of many proteins to efficient
folding in the test tube, and in genetically engineered
cells, limits use of these proteins for basic research and
biotechnological applications [2–4].
Aggregation is the major cause of inefficient folding: non-
native forms of proteins often self-associate more readily
than they attain the native state [5–8]. This problem arises
because the forces that induce protein aggregation are
similar to the forces that stabilize native folding patterns,
and the two processes are therefore delicately balanced
against one another. Bacteria engineered for the overpro-
duction of a particular gene product often provide the
protein in aggregated form, that is, as inclusion bodies. In
such cases, isolated inclusion bodies must be solubilized,
typically with urea or guanidinium chloride (GdmCl) solu-
tions, and the protein must then be folded as the solubiliz-
ing/denaturing agent is removed. Aggregation often wins
out over folding, however, when simple strategies are
employed to lower the denaturant concentration, such as
dilution or dialysis [3,4].
As folding efficiency is frequently the limiting factor in
the utilization of heterologously expressed proteins, there
is increasing interest in the development of methods to
promote folding relative to aggregation in vivo and in vitro
[3,4]. We have recently described the ‘artificial chaperone’
method, in which a pair of small molecules assist protein
folding in vitro (Figure 1) [9–11]. As the name indicates,
this method was inspired by the function of the natural
chaperone proteins [12]. In the first step of the artificial
chaperone protocol (‘capture’), GdmCl-denatured protein
is diluted to a non-denaturing GdmCl concentration in the
presence of a detergent, resulting in the formation of a
stable protein–detergent complex. The bound detergent
prevents both aggregation and native folding. In the
second step (‘stripping’), a cyclodextrin is added to the
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protein–detergent complex, causing the removal of the
detergent from the protein, and concomitant renaturation.
A variety of small molecules have been reported to assist
the refolding of chemically denatured proteins when
included in the buffer used to dilute the protein solution
to non-denaturing concentrations of GdmCl or urea. We
refer to this strategy as the ‘dilution additive’ method. The
dilution additive method involves only a single dilution
step, and therefore differs operationally from the two-step
artificial chaperone protocol. The mechanistic roles of the
small molecules in these two refolding methods are differ-
ent as well. The dilution additive must interact transiently
with non-native forms of the protein to inhibit aggregation
without preventing proper folding. In contrast, the deter-
gent used in the first step of the artificial chaperone proto-
col must form a stable, soluble complex with non-native
protein. Molecules that function as dilution additives
include detergents [13–15], cyclodextrins [16], polyethyl-
ene glycol [17–19], and non-detergent sulfobetaines [20].
We have shown that the artificial chaperone method is
successful with three structurally diverse enzymes that
are difficult to fold from the GdmCl-denatured state by
simple dilution: CAB [9,10], citrate synthase [9] and
lysozyme [11] (for lysozyme, folding requires proper
disulfide formation). These model studies, like many
others in this field, technically involve ‘refolding’, as one
starts with commercially available enzyme in native form,
denatures with GdmCl or urea and then attempts renatu-
ration. The rationale behind such model studies is that
the GdmCl- or urea-denatured state generated from the
native state should be comparable to the GdmCl- or urea-
denatured state generated from inclusion bodies for a
given protein.
Other research groups have employed the artificial chaper-
one method for protein refolding. Couthon et al. [21] have
shown that creatine kinase (from rabbit muscle) can be
refolded from an SDS-denatured state by use of a chemi-
cally modified cyclodextrin. DeGrip et al. [22] have
reported an extension of the artificial chaperone method in
which cyclodextrin is used to extract detergent from mixed
micelles containing detergent, lipid and a membrane
protein, rhodopsin. In this case, the stripping process gen-
erates liposomes that contain functional rhodopsin.
Figure 2 shows the mechanism that we have proposed for
the events occurring when cyclodextrin is added to a
protein–detergent complex [11]. Cyclodextrin induces
both folding and aggregation of the protein, and the parti-
tioning between these two paths is kinetically controlled
because the folded and aggregated states are not in equi-
librium. Detailed study of CAB and lysozyme refolding
suggests that the product-determining step occurs after a
portion of the detergent has been stripped from the
protein (complex U–dn–m in Figure 2). The partially
stripped complex can undergo further cyclodextrin-
induced detergent removal to generate a detergent-free
form of the protein that folds to the native state, or the
partially stripped complex can self-associate to form multi-
protein complexes [(U–dn–m)p in Figure 2]. Further deter-
gent removal from these multiprotein complexes leads to
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Figure 1
Schematic diagram of artificial-chaperone-
assisted protein refolding.
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Figure 2
Proposed mechanism for cyclodextrin-induced folding from a
protein–detergent complex. U–dn, protein–detergent complex
generated during the capture step (contains only one protein
molecule); U, unfolded protein molecule; d, one detergent molecule;
U–dn–m, protein–detergent complex from which detergent has been
partially stripped away; (U–dn–m)p, partially stripped protein–detergent
complex that has self-associated to form a species containing multiple
protein molecules; F, first detergent-free form of the protein (extent of
folding unspecified); N, native state of the protein.
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aggregated protein, because the protein molecules are pre-
assembled, according to this hypothesis.
In our analysis of lysozyme refolding from the GdmCl-
denatured, DTT-reduced state [11], we found that enzy-
matic activity is regained at indistinguishable rates for
unassisted and for artificial-chaperone-assisted refolding
(these studies were conducted at very low lysozyme con-
centrations, where unassisted refolding is efficient). Thus,
the rate-determining step for lysozyme renaturation does
not appear to be influenced by the refolding method.
Here, we report kinetic analysis of artificial-chaperone-
assisted CAB refolding. CAB is a particularly interesting
subject because the unassisted refolding of this enzyme
has been extensively examined [6,23–28]. One of our
goals was to determine whether varying the detergent’s
charge or the structure of the detergent’s hydrophobic
portion would influence refolding kinetics. This required
the use of urea as the denaturant, as anionic detergents are
incompatible with GdmCl [10]. Our initial efforts, there-
fore, were to determine whether artificial chaperones
could assist the refolding of urea-denatured CAB and, if
so, whether the assistance was mechanistically similar to
that observed for GdmCl-denatured CAB.
Results and discussion
Artificial chaperones assist CAB refolding from the urea-
denatured state
Before we could conduct our kinetic analysis of artificial-
chaperone-assisted refolding of urea-denatured CAB, we
needed to demonstrate that refolding assistance is
observed under these conditions. Table 1 shows that artifi-
cial-chaperone-assisted refolding of urea-denatured CAB is
successful with a variety of detergents (detergent struc-
tures are provided in Figure 3). Results are evaluated in
terms of enzymatic activity, as monitored with a standard
assay [29], and all entries are normalized to the activity of
native CAB. The activities reported in Table 1 were mea-
sured with solutions that still contained any detergent
and/or cyclodextrin that had been added. After refolding
with CTAB, SDS, STS or TOPPS, however, CAB could
be purified via a two-step ultrafiltration protocol: a 0.22µm
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Figure 3
Structures of detergents used as artificial chaperones.
O X
Triton® X-100, X = (CH2CH2O)8–9CH2CH2OH
TOPPS, X = (CH2)3SO3Na
TOPPA, X = (CH2)3N(CH3)3Br
CTAB  =  H3(CH2)15N(CH3)3Br
SDS  =  CH3(CH2)11OSO3Na
STS  =  CH3(CH2)13OSO3Na
POE(10)L  =  CH3(CH2)11(OCH2CH2)10OH
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Table 1
Recovered enzymatic activity using the artificial chaperone
method, from urea-denatured CAB.*
Entry Additives Relative initial rate
Native samples
1 CAB alone 1.00
2 +CTAB 1.02 ± 0.02
3 +CTAB, then βCD 1.03 ± 0.07
4 +SDS 0.07 ± 0.01
5 +SDS, then MeβCD 1.06 ± 0.03
6 +STS 0.06 ± 0.02
7 +STS, then βCD 0.97 ± 0.03
8 +TOPPS 0.04 ± 0.01
9 +TOPPS, then MeβCD 0.99 ± 0.01
After denaturation and dilution
10 CAB alone 0.03 ± 0.01
11 CAB, then βCD 0.04 ± 0.01
12 +CTAB 0.05 ± 0.01
13 +CTAB, then βCD 0.96 ± 0.02
14 +SDS 0.03 ± 0.01
15 +SDS, then MeβCD 0.92 ± 0.01
16 +STS 0.03 ± 0.01
17 +STS, then βCD 0.96 ± 0.05
18 +TOPPS 0.02 ± 0.01
19 +TOPPS, then MeβCD 0.70 ± 0.01
*Protocol: CAB (40 mg/ml) in urea (8.8 M) was heated at 70°C for
6 min, and then allowed to cool to room temperature. A 1 µl aliquot of
the denatured protein was diluted by rapid mixing with 930 µl of a
solution containing Tris sulfate buffer (47 mM, pH 7.75) and detergent
(0.57 mM CTAB or STS, or 2.85 mM SDS, or 5.7 mM TOPPS) to give
a sample of CAB (0.042 mg/ml), urea (9.3 mM), Tris sulfate buffer
(47 mM, pH 7.75) and detergent. The solutions were gently rocked at
room temperature for 2 h. The addition of 399 µl of cyclodextrin
solution (8 mM β-cyclodextrin (βCD) for CTAB, or 13.33 mM βCD for
STS, or 33.3 mM methylated β-cyclodextrin (MeβCD) for SDS, or
40 mM MeβCD for TOPPS) then provided a sample of CAB
(0.03 mg/ml), Tris sulfate buffer (32 mM, pH 7.75), detergent (0.4 mM
CTAB or STS, or 2.0 mM SDS, or 4.0 mM TOPPS), urea (6.5 mM) and
cyclodextrin (2.4 mM βCD with CTAB, or 4.0 mM βCD with STS, or
10 mM MeβCD with SDS, or 12 mM MeβCD with TOPPS). Results
are normalized to the activity of native CAB (0.03 mg/ml) in Tris sulfate
buffer (32 mM, pH 7.75). Enzymatic activity, as monitored by the initial
rate of pNPAc hydrolysis, was determined as outlined in the Materials
and methods section. Buffer alone showed a background relative initial
rate of para-nitrophenyl acetate (pNPAc) hydrolysis of 0.02 ± 0.01. The
same rate was measured in the presence of CTAB, STS, SDS or
TOPPS. βCD and MeβCD displayed a background relative initial rate
of pNPAc hydrolysis of 0.03 ± 0.01.
filter to remove large protein aggregates, followed by a
10,000 molecular weight cut-off filter to retain refolded
CAB while allowing the detergent and cyclodextrin mole-
cules to pass. When the protein retained after the second
filtration was subjected to kinetic analysis and protein
concentration was determined (via absorbance at 280 nm),
native-like specific activity was observed in each case.
Refolding yields after isolation via ultrafiltration are
shown in Table 2.
The CAB concentration was held constant for the experi-
ments summarized in Table 1 and the concentrations of
detergent and cyclodextrin were optimized in each case.
Dilution of urea-denatured CAB with buffer that contains
no detergent leads to insignificant recovery of enzymatic
activity (entry 10), which shows that unassisted refolding
is not possible under these conditions. Cationic detergent
CTAB provides excellent yields of CAB from the urea-
denatured state, after cyclodextrin-induced stripping
(entry 13), as was previously observed for the GdmCl-
denatured state [10]. Anionic detergents were problematic
with GdmCl-denatured proteins, because guanidinium-
anionic detergent salts precipitate [10]. With urea-dena-
tured CAB, however, anionic detergents SDS and STS are
successful artificial chaperones (entries 15 and 17).
TOPPS [10], an anionic analog of Triton X-100, is also
successful (entry 19), although the optimized yield is not
as good as those obtained with SDS or STS. TOPPA [11],
a cationic analog of Triton X-100, failed as an artificial
chaperone (data not shown). Light scattering studies
revealed that TOPPA does not capture the protein upon
dilution from concentrated urea solution. Nonionic deter-
gents POE(10)L and Triton X-100 also failed to assist
CAB refolding (data not shown), because these detergents
do not capture the protein upon dilution from concen-
trated urea, which parallels earlier observations with
GdmCl-denatured CAB [10].
Neither cyclodextrins, anionic detergents nor cationic
detergents promote CAB refolding in the dilution additive
mode, under the conditions we employed (Table 1,
entries 11, 12, 14, 16 and 18). These findings with urea-
denatured CAB parallel our earlier observations with
GdmCl-denatured CAB [10]. These results are important
because both detergents [15] and cyclodextrins [16] have
been reported to assist the refolding of chemically dena-
tured CAB as dilution additives. The poor performance of
dilution-additive-type refolding strategies in our hands
stems from the stringent conditions we employ for CAB
refolding. It is known that simple dilution strategies,
without any additive, allow moderate refolding of chemi-
cally denatured CAB if the final denaturant concentration
is relatively high, for example 0.5–1.0 M GdmCl, or 1–4 M
urea [6,24,26,27]. Previous demonstrations that detergents
or cyclodextrins function as refolding assistants in the
dilution additive mode have involved high final GdmCl
concentrations, which in turn lead to substantial refolding
yields (≥ 40%) in the absence of the dilution additive
[15,16]. In contrast, we employ low final denaturant con-
centrations (< 0.01 M), which lead to negligible unassisted
refolding upon simple dilution from the urea-denatured
state (Table 1, entry 10), on the assumption that CAB
under these refolding conditions is a better model system
for truly recalcitrant proteins.
Rapid detergent stripping is required for maximal
renaturation
Several studies were carried out to determine whether arti-
ficial-chaperone-assisted refolding of urea-denatured CAB
is mechanistically similar to artificial-chaperone-assisted
refolding of Gdm-denatured CAB. Figure 4a summarizes
results from a series of refolding trials in which the
cyclodextrin was added in two portions, separated by
10 min, to a CAB–CTAB complex. In each case, a total of
six equivalents of cyclodextrin was added relative to the
detergent concentration. These results show that if the
first portion contains only 0.5–4 equivalents of cyclodex-
trin, the refolding yield is significantly lower than when all
cyclodextrin is added at once (rightmost data point). The
relatively low recovered yields observed for a small initial
aliquot of cyclodextrin correspond to high levels of light
scattering intensity induced by the addition of cyclodextrin
to the CAB–CTAB complex. Increases in light scattering
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Table 2
Specific activity comparison of native CAB with CAB refolded
via the artificial-chaperone-assisted refolding method.*
Additive Isolated yield (%)† Specific activity (AU ml/mg s)‡
Native sample
None§ 97 ± 2 68.0 ± 3.8
After refolding
CTAB 90 ± 9 63.9 ± 5.8
STS 100 ± 6 63.9 ± 4.5
SDS 94 ± 10 62.6 ± 3.5
TOPPS 60 ± 3 66.3 ± 3.4
*Protocol: denatured CAB was refolded according to the procedure
described in Table 1 using the detergents indicated above, and was
then purified by ultrafiltration as described below. Samples of native
protein were also carried through the ultrafiltration procedure. Each
sample was passed through a 0.22µm acetate filter to remove large
protein aggregates and was placed in a 10,000 molecular weight cut-off
filter. The samples were concentrated by centrifugation to a volume of
~40 µl at 10°C, followed by five washing steps with 400µl Tris sulfate
buffer (32 mM, pH 7.75). The samples were concentrated to 40µl after
each washing. The final concentrates were diluted to a volume of 500µl.
†The amount of recovered protein was determined by measuring the
sample absorbance at 280 nm (see Materials and methods). ‡Enzymatic
activity was assayed according to the procedure in the Materials and
methods. Specific activity was calculated by dividing the observed
response in the enzymatic assay (AU/s) by the protein concentration
(mg/ml). Results are the statistical average of three or more trials.
§Native CAB subjected to the two ultrafiltration steps.
intensity are semiquantitative indicators of protein aggre-
gation. (The extent of light scattering does not correlate
rigorously with the extent of protein aggregation because
the turbidity detected with a UV-visible or fluorescence
spectrophotometer is a function of not only number of sus-
pended particles, but also the size and shape of the sus-
pended particles.) Therefore, the two types of data shown
in Figure 4a suggest that the initial addition of suboptimal
quantities of cyclodextrin enhances protein aggregation
relative to proper refolding. Similar behavior was seen pre-
viously with CAB–CTAB complexes generated from the
GdmCl-denatured state [10]. Figure 4b shows that analo-
gous behavior is observed when the CAB–STS complex is
formed from the urea-denatured state, and similar observa-
tions were made with the CAB–SDS and CAB–TOPPS
complexes (data not shown). Extending the period
between cyclodextrin additions from 10 min to 12 h did
not qualitatively alter the results.
The beneficial effect of rapid cyclodextrin addition on
refolding yield is consistent with the mechanistic hypoth-
esis in Figure 2, in which the product-determining step
(protein aggregation versus refolding) involves partially
stripped protein–detergent complex(es) U–dn–m. Rapid
addition of a large excess of cyclodextrin presumably min-
imizes the lifetime of partially stripped CAB–detergent
complexes, whereas the addition of suboptimal cyclodex-
trin allows such intermediate complexes to exist long
enough to self-associate.
The importance of the detergent stripping rate may
explain why conventional methods of detergent removal
from proteins are less effective than the addition of soluble
cyclodextrin at inducing refolding from CAB–detergent
complexes. Dialysis of detergent complexes formed from
urea-denatured CAB provides only 10–15% regain of enzy-
matic activity with CTAB, STS or TOPPS, and ~30%
regain with SDS. The treatment of CAB–detergent com-
plexes with macroscopic adsorbents for detergents also
provides only poor-to-moderate refolding yields: for
CAB–CTAB, maximum refolding yields were 12% with
Calbiosorb® and 25% with β-cyclodextrin–epichlorohydrin
copolymer or Biobeads® SM-2; for CAB–STS, maximum
refolding yields were 32% with Calbiosorb®, 40% with β-
cyclodextrin–epichlorohydrin copolymer and 50% with
Biobeads® SM-2. The observation that dialysis and macro-
scopic adsorbents produce inferior refolding yields from
CAB–detergent complexes compared with the addition of
excess soluble cyclodextrin can be rationalized in terms of
the mechanistic hypothesis in Figure 2. Both dialysis and
adsorption should be intrinsically slower methods of deter-
gent removal than the use of a soluble binding agent,
because the former methods require that detergent mole-
cules diffuse to or across a macroscopic interface.
The stripping experiments involving macroscopic adsor-
bents were conducted in ‘batch mode’, that is, a single
portion of adsorbent was allowed to stir with a solution
containing the protein–detergent complex. It is possible
that improved refolding yields could be obtained by
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Figure 4
Recovered CAB activity (% of native activity) and relative light
scattering intensity (LSI) versus number of equivalents of β-cyclodextrin
(βCD) added to (a) CTAB-captured or (b) STS-captured CAB, in the
first of two βCD additions. Protocol: a 1µl sample of denatured CAB
(40 mg/ml) in urea (8.8 M) was rapidly diluted with 930µl of a solution
containing CTAB or STS (0.57 mM) and Tris sulfate buffer (47 mM,
pH 7.75) to give a solution containing CAB (0.042 mg/ml), CTAB or
STS (0.57 mM), urea (9.3 mM) and Tris sulfate buffer (47 mM,
pH 7.75). After gentle rocking at room temperature for 2 h the samples
were treated with a total of 399µl of a solution containing βCD
(8.0 mM = 6 equivalents relative to CTAB, or 13.33 mM = 10
equivalents relative to STS) in two portions, separated by 10 min. Final
sample concentrations were CAB (0.03 mg/ml), urea (6.5 mM), Tris
sulfate buffer (32 mM, pH 7.75), CTAB or STS (0.4 mM) and βCD
(2.4 mM with CTAB, or 4.0 mM with STS). Two hours after complete
βCD addition, the samples were analyzed via light scattering (circles)
and enzymatic activity (squares). The lines are arbitrary.
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passing the protein–detergent complex rapidly through a
bed of the adsorbent.
Competent versus incompetent CAB–detergent complexes
For CTAB, SDS, STS or TOPPS, the minimum detergent
concentration required to prevent CAB aggregation at the
capture step, as monitored by simple light scattering 
measurements, is lower than the minimum detergent 
concentration required for maximum refolding upon
cyclodextrin-induced stripping. Figure 5a shows the effect
of CTAB concentration variation on three parameters: the
refolding yield, the extent of light scattering after the
capture step, and the extent of light scattering after the
stripping step. The data in Figure 5a show that the amount
of CTAB required to abolish detectable protein aggrega-
tion at the dilution step (~0.2 mM, in terms of final CTAB
concentration) is significantly lower than the amount of
CTAB required for maximum refolding yield (>0.4 mM)
after cyclodextrin-induced detergent stripping. Thus,
CAB–CTAB complexes generated with 0.2–0.4 mM final
CTAB concentration are ‘incompetent’: they do not lead
efficiently to refolded protein upon stripping, even though
the amount of detergent is sufficient to prevent detectable
protein aggregation at the point of denaturant dilution.
Figure 5b shows that STS also can form incompetent
CAB–detergent complexes (0.1–0.2 mM STS, in terms of
final detergent concentration), and analogous observations
were made for SDS and TOPPS, upon dilution of urea-
denatured CAB. We previously observed the formation of
incompetent CAB–SDS complexes upon heating of the
protein in the presence of suboptimal detergent concentra-
tions; these incompetent complexes could be rendered
competent by the introduction of additional SDS [10].
Neither circular dichroism nor intrinsic fluorescence
revealed any distinction between competent and incompe-
tent CAB–detergent complexes in the earlier study.
The existence of stable but incompetent CAB–detergent
complexes can be rationalized in terms of the mechanistic
hypothesis in Figure 2. These incompetent complexes
presumably involve protein : detergent ratios that corre-
spond to the partially stripped intermediate proposed in
Figure 2, U–dn–m, which is prone to self-association. We
therefore predict that incompetent protein–detergent
complexes contain, on average, more than one protein
molecule per complex, whereas competent complexes
contain only one protein molecule.
Kinetics of assisted CAB refolding
The refolding of CAB upon dilution from the GdmCl- or
urea-denatured state has been extensively studied
[6,24,26,27]. The unassisted refolding of CAB is reason-
ably efficient if the final protein concentration is low and
if the final denaturant concentration is high (0.5–1.0 M
GdmCl, or 1–4 M urea). Semisotnov et al. [27] concluded
that there are two kinetic intermediates in the refolding of
chemically denatured CAB and they deduced a half-life
(t1/2) of ~600 s for the rate-determining step, from either
the GdmCl- or the urea-denatured starting state. This
rate-determining step was shown to correspond to the
cis–trans interconversion of proline rotamers.
We examined the kinetics of artificial-chaperone-assisted
CAB refolding to determine whether the rate-determining
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Figure 5
Effect of final (a) CTAB and (b) STS concentration on recovered CAB
activity (% of native activity) and relative light scattering intensity (LSI)
at the capture or stripping steps. Protocol: a 1µl aliquot of denatured
CAB (40 mg/ml) in urea (8.8 mM) was rapidly diluted with 930µl of a
solution containing CTAB or STS (0.57 mM) and Tris sulfate buffer
(47 mM, pH 7.75) to give a sample containing CAB (0.042 mg/ml),
urea (9.3 mM), CTAB or STS (0.57 mM) and Tris sulfate buffer (47 mM,
pH 7.75). Light scattering analysis was performed after capture by
detergent (crosses), and then the samples were treated with 399µl of
a solution of βCD (8 mM for CTAB, or 13.33 mM for STS) to afford a
sample containing CAB (0.03 mg/ml), urea (6.5 mM), CTAB or STS
(concentration indicated on x-axis), Tris sulfate buffer (32 mM, pH 7.75)
and βCD (2.4 mM with CTAB or 4.0 mM with STS). Two hours after
βCD addition, the samples were analyzed via light scattering (circles)
and enzymatic activity (squares). The lines are arbitrary.
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step for this process is distinguishable from the rate-deter-
mining step of unassisted refolding. The mechanistic
hypothesis outlined in Figure 2 postulates a product-
determining step that is specific to the artificial chaperone
process, but this hypothesis does not identify the rate-
determining step. If the rate-determining step of artificial-
chaperone-assisted refolding involves a protein–detergent
complex, then we might expect the t1/2 for this process to
vary as a function of the detergent employed.
Figure 6 compares the regain of CAB enzymatic activity as
a function of time upon artificial-chaperone-assisted and
unassisted refolding from the GdmCl-denatured state.
The unassisted refolding conditions we employed were
similar to those of Semisotnov et al. [27]: 0.3 mg/ml CAB
was denatured in 6.0 M GdmCl and refolding was initi-
ated by a tenfold dilution. The diluent contained Tris
sulfate and β-cyclodextrin, the latter to mimic artificial-
chaperone-assisted conditions (see below). As can be seen
from Figure 6, ~40% of the original enzymatic activity is
regained via unassisted refolding under these conditions;
the unassisted t1/2 is 598 ± 57 s (Table 3), consistent with
the previously reported rate-limiting t1/2 [6,26,27].
For the artificial-chaperone-assisted refolding data shown
in Figure 6, the initial GdmCl-denatured CAB solution was
identical to that used for unassisted refolding. In the
‘capture step’, the GdmCl-denatured CAB was diluted sev-
enfold with a solution containing Tris sulfate and CTAB.
In the ‘stripping step,’ β-cyclodextrin was added with a
concomitant 1.4-fold dilution to generate final CAB,
GdmCl and β-cyclodextrin concentrations identical to
those in the unassisted refolding protocol. For artificial-
chaperone-assisted refolding, t = 0 corresponds to the time
at which β-cyclodextrin was added to the CAB–CTAB
complex (this complex was shown to be enzymatically inac-
tive), while t = 0 for unassisted refolding corresponds to the
time at which the initial solution was diluted. For artificial-
chaperone-assisted refolding, ~80% of the original enzy-
matic activity is regained and t1/2 is 796 ± 89 s (Table 3).
Although this value is modestly larger than the t1/2 value
obtained for unassisted refolding, we do not believe that
the difference between the values is significant, particu-
larly given the unassessable systematic error that can
accompany this type of analysis. Similar t1/2 values were
obtained for unassisted and artificial-chaperone-assisted
refolding starting from 30 mg/ml CAB in 6.0 M GdmCl,
with a 1000-fold dilution; for this higher starting CAB con-
centration, the final GdmCl concentration was maintained
at 0.6 M by including GdmCl in the dilution buffers.
Fluorescence quenching provides a second, independent
approach for monitoring the rate-determining step for CAB
refolding. This technique requires that CAB be refolded in
the presence of acrylamide, which quenches the intrinsic
fluorescence of the protein in the denatured state but not
in the native state; thus, one monitors an increase in intrin-
sic fluorescence as the protein refolds. This method has
been shown to generate t1/2 values for refolding that are
identical to those obtained by monitoring the regain of
enzymatic activity [27]. Table 3 shows that, starting from
0.3 mg/ml CAB in 6.0 M GdmCl, the fluorescence quench-
ing technique indicates t1/2 = 640 ± 45 s for unassisted
refolding and 659 ± 23 s for artificial-chaperone-assisted
refolding (with β-cyclodextrin and CTAB). These values
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Figure 6
Regain of CAB enzymatic activity versus time in artificial-chaperone-
assisted and unassisted refolding from GdmCl. Artificial-chaperone-
assisted refolding was carried out using CTAB (squares); unassisted
refolding was carried out in the presence of 4.8 mM βCD (circles; see
Materials and methods for protocol). Linefits were calculated according
to the equation Y = ∆Y⋅exp(–kt)+Ymax, where ∆Y is the observed kinetic
amplitude (i.e., the difference between the activity of the initial unfolded
state and the final refolded state, relative to the native protein), at time = t;
k is the first-order rate constant of the process; and Ymax is the final
achieved level of recovered enzymatic activity, relative to native protein.
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Table 3
Kinetics of unassisted and artificial-chaperone-assisted CAB
refolding after GdmCl denaturation.*
Refolding sample t1/2 (s), activity† t1/2 (s), fluorescence‡
Unassisted 627 ± 72 640 ± 45
Unassisted, βCD present 598 ± 57 670 ± 50
Artificial chaperone (CTAB) 796 ± 89 659 ± 23
*Denaturation conditions: 6 M GdmCl, room temperature. †Determined
by monitoring the initial rate of para-nitrophenyl acetate (pNPAc)
hydrolysis. Experimental details are included in the Material and
methods. ‡Determined by monitoring the recovery of enzymatic activity
or the regain of fluorescence intensity. Experimental details are
included in the Materials and methods.
agree reasonably well with the t1/2 values obtained by fol-
lowing enzymatic activity (Table 3) and the unassisted
and artificial-chaperone-assisted values obtained via fluo-
rescence quenching agree quite well with one another. In
total, our kinetics data for CAB refolding from the
GdmCl-denatured state indicate that the rate-determining
steps for unassisted and assisted refolding are indistin-
guishable. As only one detergent could be used in these
experiments, however, it is possible that this kinetic simi-
larity is coincidental.
We turned to urea-denatured CAB in order to evaluate the
effects of detergent variation on refolding kinetics
because, as mentioned above, GdmCl is incompatible
with anionic detergents. The starting solution for these
experiments contained 40 mg/ml CAB in 8.8 M urea. At
this high initial protein concentration, we found it impos-
sible to carry out unassisted refolding (regained enzymatic
activity <10%), at any final urea concentration. Neverthe-
less, we could use this starting point to compare refolding
kinetics among several detergents, and, therefore, to test
whether the nature of the detergent affects the rate-deter-
mining step for refolding. (Refolding experiments starting
from lower initial CAB concentrations gave complex
results, as described below.)
Table 4 shows t1/2 values for artificial-chaperone-assisted
CAB refolding from the urea-denatured state for four
detergents, CTAB, SDS, STS and TOPPS. By following
the regain of enzymatic activity, it was possible to obtain
t1/2 values for all four detergents, and these four values are
indistinguishable. The fluorescence method was success-
ful for only two detergents, SDS and STS, but the result-
ing t1/2 values agree reasonably well with those obtained
from activity measurements. (TOPPS contains an aromatic
group that interferes with fluorescence measurements;
CAB cannot be refolded from the CTAB complex in the
presence of acrylamide — we do not understand the origin
of this observation.) The t1/2 values measured for assisted
refolding from the urea-denatured state are similar to those
obtained for assisted and unassisted refolding from the
GdmCl-denatured state. Thus, our kinetic data suggest
that detergent is not involved in the rate-determining step
of artificial-chaperone-assisted CAB refolding, and that
this rate-determining step is similar to that for unassisted
CAB refolding. In terms of the mechanistic hypothesis in
Figure 2, we conclude that the rate-determining step for
refolding occurs after the product-determining branch
point, at (U–dn–m)p, and probably after complete detergent
removal from the protein. Interestingly, polyethylene
glycol, a refolding assistant in the dilution additive mode,
also does not influence the rate-determining step for CAB
refolding [18].
Slow unfolding and partial refolding of CAB in
concentrated urea solution
For the refolding studies described above, the initial dena-
tured CAB solution, containing 40 mg/ml CAB in 8.8 M
urea, had to be prepared by heating to 70°C for 6 min.
Without heating, the protein did not fully dissolve but
after heating, the solution was stable for at least several
days at room temperature. In preliminary studies, we used
a more dilute denatured CAB solution, 10 mg/ml in 8.8 M
urea. This amount of protein readily dissolved at room
temperature, but the properties of the resulting CAB-urea
solution varied in a time-dependent manner and these
properties could be altered by heating, which suggested
underlying processes with substantial kinetic barriers.
Figure 7 shows the yield for unassisted CAB refolding
(i.e., extent of enzymatic activity regained after dilution of
urea-denatured CAB) as a function of the time after denat-
uration. Three different denaturation conditions were
employed, all involving 8.8 M urea: 40 mg/ml CAB,
heated to 70°C for 6 min (‘40/∆’); 10 mg/ml CAB, heated
to 70°C for 6 min (‘10/∆’); and 10 mg/ml CAB, not heated
(‘10/RT’). For all three conditions, the final CAB concen-
tration after dilution was 0.03 mg/ml and the final urea
concentration was 0.0065 M. In Figure 7, t = 0 is defined
for 40/∆ and 10/∆ as the point at which heating is com-
pleted (in these cases, heating involved 0.1 ml aliquots,
which appeared to have cooled back to room temperature
within 5 min). For 10/RT, t = 0 is defined as the point at
which the protein was dissolved. (To generate 10/RT
samples, solid CAB and 8.8 M urea solution were com-
bined and mixed vigorously for 1 min; no suspended solid
could be seen after mixing.)
The data in Figure 7 show that for both 10/∆ and 10/RT,
the unassisted refolding yields depend markedly upon
how long after denaturation the dilution occurs. The 40/∆
sample displays a more subtle time dependence, with
refolding yields consistently <10%. The nature of the time
dependence for the 10 mg/ml samples is profoundly
affected by whether or not the sample has been heated.
For 10/RT, the unassisted refolding yield is initially quite
high, but plummets over the first hour and then stabilizes
at around 20–25%. For 10/∆, unassisted refolding initially
provides <10% yield, but this yield slowly rises as the
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Table 4
Kinetics of CAB refolding after urea denaturation.*
Refolding sample t1/2 (s), activity† t1/2 (s), fluorescence‡
CTAB 711 ± 30 —
STS 674 ± 64 655 ± 470
SDS 730 ± 49 560 ± 100
TOPPS 728 ± 42 —
*70°C, 6 min, 8.8 M urea. †Determined by monitoring the initial rate of
pNPAc hydrolysis. Experimental details are included in the Materials and
methods. ‡Determined by monitoring the regain of fluorescence
intensity. Experimental details are included in the Materials and methods.
sample stands at room temperature, reaching the
maximum of 20–25% after roughly one day.
The time dependence observed for 10/RT in Figure 7 sug-
gests that there is a significant kinetic barrier to the com-
plete denaturation of CAB in 8.8 M urea. The existence of
such a barrier explains why we observe relatively high
unassisted refolding yields in the first few minutes after
the protein has been mixed with concentrated urea at room
temperature, and why heating the sample to 70°C leads to
very low unassisted refolding yields for a freshly prepared
sample. Previously reported studies of CAB refolding [27]
suggest that the time dependence observed for 10/RT
reflects the slow cis–trans isomerization of proline residues.
CAB has 18 prolines among its 260 residues [27]. Although
no structure is available for CAB, the analogous human
enzyme has been characterized crystallographically [30,31]
and two of the prolines are cis in the native structure.
Rationalizing the time-dependent variation in refolding
yields from 10/∆ and 40/∆ is less straightforward. The data
for 10/∆ in Figure 7 indicate that CAB initially unfolded
by heating in 8.8 M urea undergoes a very slow process
after cooling that makes the protein more susceptible to
unassisted refolding. Immediately after heating, the unas-
sisted refolding yield is <10%, but this value slowly rises
as the sample stands at room temperature. An analogous
slow rise in unassisted refolding yield is observed for 40/∆;
however, in this case, the amplitude of the change is quite
small, presumably because the absolute refolding yields
are quite small. One possible explanation for this slow rise
in unassisted refolding yield is a slow partial refolding of
CAB that has been thermally unfolded in 8.8 M urea. This
hypothesis implies that the putative refolding involves a
substantial kinetic barrier. We do not know of any prece-
dent for slow conformational transitions in concentrated
urea solution. Efforts to obtain far-UV circular dichroism
data in order to address this hypothesis were unsuccessful
because of the background absorbance of the urea.
There is great interest in the possibility that denatured
proteins retain some structure and in the prospect that
residual structure depends upon the method of denatura-
tion [32–36]. Acquiring structural information on dena-
tured proteins can be difficult, however, because residual
structure appears in general to be ‘loose’, and because
denaturing conditions can be incompatible with the most
powerful methods for structure elucidation. The experi-
ments summarized in Figure 7 may represent an alterna-
tive to spectroscopic methods for detecting residual
structure in denatured states. 
Conclusions
The artificial chaperone method promotes CAB refolding
from the urea-denatured state. The mechanism of refold-
ing assistance appears to be similar to that previously doc-
umented for artificial-chaperone-assisted refolding from
GdmCl-denatured CAB. The rate-limiting step for
assisted refolding does not appear to involve the detergent
initially used to ‘capture’ the protein upon urea removal,
which suggests that this rate-limiting step occurs after all
detergent has been stripped from the protein.
Materials and methods
Materials
CAB was obtained as a lyophilized powder from Biozyme, Inc. Acetate
(0.22 µm) filters and Centricon 10 acetate 10,000 molecular weight
cut-off microconcentrators were purchased from Amicon, Inc. STS was
purchased from Lancaster Synthesis, Inc. Urea (sequanal grade) and
GdmCl (sequanal grade) were purchased from Pierce Chemical Co.
Urea solutions were prepared immediately prior to use. β-cyclodextrin
(βCD) and methyl β-cyclodextrin (MeβCD) were gifts from American
Maize Products Co. Biobeads® SM-2 adsorbent, 20–50 mesh particle
size, were purchased from Bio-Rad. Calbiosorb® was purchased from
Calbiochem as an aqueous suspension stabilized with 0.1% azide. The
azide was removed through repeated washing with 47 mM Tris sulfate
buffer, pH 7.75 before use. The reported Triton® X-100 binding capac-
ity of the Calbiosorb® used was 91 mg/ml suspension. All other com-
mercially available reagents, buffers and detergents were obtained from
Sigma at the highest purity levels available and were used without
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Figure 7
Unassisted refolding of denatured CAB (as monitored by recovered
enzymatic activity) versus time after denaturation. Protocol: native CAB
was denatured by one of three methods: heating a 40 mg/ml sample at
70°C for 6 min in 8.8 M urea (squares); heating a 10 mg/ml sample at
70°C for 6 min in 8.8 M urea (diamonds); or dissolution of 10 mg/ml
CAB at room temperature in 8.8 M urea (circles). Aliquots of the
denatured samples were periodically removed and rapidly diluted to
give 930 µl of a sample containing CAB (0.042 mg/ml), Tris sulfate
buffer (47 mM, pH 7.75) and urea (38 mM). Standing at room
temperature for 2 h followed by the addition of 399 µl water to mimic
the artificial chaperone protocol gave samples containing CAB
(0.03 mg/ml), Tris sulfate buffer (47 mM, pH 7.75) and urea (26 mM),
which were assayed for enzymatic activity. The lines are arbitrary.
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further purification. TOPPS was prepared according to the previously
published procedure [10].
Determination of CAB concentration
CAB concentrations were determined using an extinction coefficient of
1.83 AU•ml/mg at 280 nm [29].
Assay of enzymatic activity
CAB enzymatic activity was determined using a p-nitrophenyl acetate
hydrolysis assay [29]. A 450 µl aliquot containing CAB was placed in a
disposable polystyrene cuvette, and 45 µl of a solution of p-nitrophenyl
acetate in distilled acetonitrile (50 mM = 9.05 mg/ml) was added, with
stirring for 5 s. The increase in absorbance at 400 nm was then moni-
tored for 30 s using a Hewlett-Packard 8452 diode array spectropho-
tometer operating under UV-visible Chemstation software revision #
a.02.04. Fitting of the data via least squares gave a linear function of
absorbance versus time.
Optimization of refolding conditions
Optimal refolding conditions were identified using a two-step approach.
To determine the optimal detergent concentration, a solution of CAB
(40 mg/ml) in urea (8.8 M) was heated at 70°C for 6 min. After cooling to
room temperature, a 1.0µl aliquot was rapidly diluted with 930µl of a
solution containing Tris sulfate buffer (47 mM, pH 7.75) and variable
amounts of detergent (CTAB or STS, 0–0.86 mM; or SDS, 0–4.3 mM; or
TOPPS, 0–8.6 mM) to give a sample of CAB (0.042 mg/ml), Tris sulfate
buffer (47 mM, pH 7.75), urea (9.3 mM) and detergent. After gentle
rocking at room temperature for 2 h, samples were treated with MeβCD
(399 µl, 12 equivalents relative to detergent), to give samples containing
CAB (0.03 mg/ml), Tris sulfate buffer (32 mM, pH 7.75), urea (6.5 mM),
detergent (CTAB or STS, 0–0.6 mM; or SDS, 0–3.0 mM; or TOPPS,
0–8.6 mM) and MeβCD (12 equivalents relative to detergent). After 2 h,
the samples were assayed for enzymatic activity. Optimal detergent con-
centrations were identified as the minimum final detergent concentrations
that provided maximum refolding yields (0.4 mM for CTAB and STS;
2.0 mM for SDS; or 4.0 mM for TOPPS). Using these detergent concen-
trations, we determined the optimal amount of cyclodextrin as follows. A
solution of CAB (40 mg/ml) in urea (8.8 M) was heated at 70°C for 6 min.
After cooling to room temperature, a 1.0µl aliquot was rapidly diluted with
930 µl of a solution containing Tris sulfate buffer (47 mM, pH 7.75), deter-
gent (0.57 mM CTAB or STS; or 2.85 mM SDS; or 5.7 mM TOPPS) to
give a solution containing CAB (0.042 mg/ml), Tris sulfate buffer
(47 mM), urea (9.3 mM) and detergent. After gentle rocking at room tem-
perature for 2 h, the samples were treated with 399µl of cyclodextrin
solution (βCD with CTAB or STS; MeβCD with SDS or TOPPS, variable
concentration) to give a solution of CAB (0.03 mg/ml), Tris sulfate buffer
(32 mM), urea (6.5 mM), detergent (0.4 mM CTAB or STS; or 2.0 mM
SDS; or 4.0 mM TOPPS) and cyclodextrin. After 2 h, the samples were
assayed for enzymatic activity. The optimal amount of cyclodextrin was
identified as the minimum final cyclodextrin concentration that provided
maximum refolding yields (2.4 mM βCD for CTAB; 4.0 mM βCD for STS;
10 mM MeβCD for SDS; 12 mM MeβCD for TOPPS).
Light scattering analysis
The relative amount of particle formation was measured with a Hitachi
F-4500 spectrofluorometer. All solutions used were passed through a
0.22 µm acetate filter to remove extraneous particles prior to sample
preparation. Samples were placed in a 10 × 10 mm disposable
methacrylate fluorescence cuvette and irradiated at 350 nm with stir-
ring. Slit widths employed were 5.0 nm (ex) and 2.5 nm (em); PM
voltage was 700 volts; response time was 2 s. The emission signal at
350 nm was monitored for 15 s and averaged to obtain the light scat-
tering intensity of each sample. To obtain the relative light scattering
intensity values, all intensities were normalized to the maximum
observed light scattering intensity seen within that series of samples.
Removal of detergent by dialysis
A solution of CAB (40 mg/ml) in urea (8.8 M) was heated at 70°C for
6 min. After cooling to room temperature a 3.2 µl aliquot was rapidly
diluted with 3 ml of a solution containing Tris sulfate buffer (47 mM,
pH 7.75) and detergent (0.57 mM CTAB or STS; or 2.85 mM SDS; or
5.7 mM TOPPS) to give samples containing CAB (0.042 mg/ml), urea
(9.3 mM) and detergent. The solutions were each transferred to a dialy-
sis bag and dialyzed at room temperature against 3 × 200 ml Tris
sulfate buffer (47 mM, pH 7.75) over 36 h with stirring. The samples
were then assayed for enzymatic activity.
Removal of detergent with solid adsorbents
Aliquots containing CAB–detergent complexes (500 µl of 0.042 mg/ml
CAB, 0.57 mM CTAB or STS, 9.3 mM urea, 47 mM Tris sulfate buffer
pH 7.75) were added to 1.5 ml microcentrifuge tubes containing
various pre-weighed amounts of one of the solid adsorbents. After
gentle rocking at room temperature for 12 h the adsorbents were
removed by filtration and the solids were washed with 250 µl of 32 mM
Tris sulfate buffer, pH 7.75. The filtrates were assayed for enzymatic
activity, and the results were corrected for dilution. Maximum refolding
yields were obtained with 300 mg βCD-epichlorohydrin copolymer/ml
of sample, or 50 mg washed Calbiosorb®/ml of sample, or 45 mg
Biobeads® SM-2/ml sample. Decreased refolding yields were
observed when larger amounts of the adsorbents were used.
Refolding kinetics
Care was taken to ensure that the concentration of Tris sulfate buffer was
the same in all samples. We have observed that the half-life of the rate-
determining step of CAB refolding, as monitored through the recovery of
enzymatic activity, increases as Tris sulfate concentration is increased.
This effect may arise from the interaction of Tris with the zinc ion in the
active site of CAB, leading to mild inhibition of enzyme refolding.
The following procedure was used to measure the kinetics of unas-
sisted refolding after GdmCl denaturation, by monitoring of recovered
enzymatic activity. A solution of CAB (0.3 mg/ml) in GdmCl solution
(1 ml, 6 M) was allowed to stand overnight at room temperature. To ini-
tiate refolding, the sample was diluted tenfold with 9 ml of a solution
containing Tris sulfate buffer (35.6 mM, pH 7.75) and, when indicated,
βCD (5.33 mM). The final solution composition was CAB (0.03 mg/ml),
Tris sulfate buffer (32 mM, pH 7.75), GdmCl (0.6 M), and, when indi-
cated, βCD (4.8 mM). Aliquots (0.45 µl) were taken periodically and
assayed for enzymatic activity.
Measurement of the kinetics of the unassisted refolding after GdmCl
denaturation by monitoring the regain in fluorescence intensity was
conducted as follows. A solution of CAB (0.3 mg/ml) in GdmCl
(100 µl, 6 M) was allowed to stand overnight at room temperature. To
initiate refolding the sample was diluted tenfold with 0.9 ml of a solu-
tion containing Tris sulfate buffer (35.6 mM, pH 7.75), acrylamide
(1.11 M) and, when indicated, βCD (5.33 mM). The final solution com-
position was CAB (0.03 mg/ml), Tris sulfate buffer (32 mM, pH 7.75),
acrylamide (1.0 M), GdmCl (0.6 M) and, when indicated, βCD
(4.8 mM). The sample was placed in a 5 × 10 mm quartz fluorescence
cuvette and excited on the 5 mm face at 295 nm while stirring. The flu-
orescence intensity of the sample was monitored at 340 nm.
Measurement of the kinetics of artificial-chaperone-assisted refolding
after GdmCl denaturation by monitoring recovered enzymatic activity
was performed according to the following procedure. A solution of
CAB (40 mg/ml) in GdmCl (8.7 M) was allowed to stand at room tem-
perature overnight. High initial CAB concentrations, in comparison with
those employed in unassisted refolding, were used to limit the final
concentration of denaturant. A 10 µl aliquot of the denatured protein
solution was rapidly diluted with 9.3 ml of a solution containing Tris
sulfate buffer (47 mM, pH 7.75) and CTAB (0.57 mM) to give a sample
containing CAB (0.042 mg/ml), Tris sulfate buffer (47 mM), GdmCl
(9.4 mM) and CTAB (0.57 mM). Gentle rocking for 2 h at room temper-
ature followed by the addition of 3.99 ml βCD (8 mM, 6 equivalents rel-
ative to CTAB) to initiate protein refolding gave a solution containing
CAB (0.03 mg/ml), Tris sulfate buffer (32 mM, pH 7.75), GdmCl
(9.4 mM), CTAB (0.4 mM) and βCD (2.4 mM). Aliquots (0.45 µl) were
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taken throughout the course of the experiment and assayed for enzy-
matic activity. The presence of up to 0.6 M GdmCl in the final solution
did not affect the t1/2 values obtained by this method.
Measurement of the kinetics of artificial-chaperone-assisted refolding
after GdmCl denaturation by monitoring recovered fluorescence inten-
sity was performed as follows. A solution of CAB (40 mg/ml) in GdmCl
(8.7 M) was allowed to stand at room temperature overnight. A 1 µl
aliquot of the denatured protein solution was rapidly diluted with
0.93 ml of a solution containing Tris sulfate buffer (47 mM, pH 7.75)
and CTAB (0.57 mM) to give a sample containing CAB (0.042 mg/ml),
Tris sulfate buffer (47 mM), GdmCl (9.4 mM) and CTAB (0.57 mM).
Gentle rocking for 2 h at room temperature followed by the addition of
399 µl βCD (8 mM, 6 equivalents relative to CTAB) and acrylamide
(3.33 M) to initiate protein refolding gave a solution containing CAB
(0.03 mg/ml), Tris sulfate buffer (32 mM, pH 7.75), acrylamide (1.0 M),
GdmCl (9.4 mM), CTAB (0.4 mM) and βCD (2.4 mM). The sample was
placed in a 5 × 10 mm quartz fluorescence cuvette and excited on the
5 mm face at 295 nm while stirring. The fluorescence intensity of the
sample was monitored at 340 nm. The presence of GdmCl at concen-
trations of up to 0.6 M in the final solution did not affect t1/2.
Measurement of the kinetics of artificial-chaperone-assisted refolding
after heat denaturation in 8.8 M urea, by monitoring recovery of enzy-
matic activity, was conducted according to the following procedure. A
solution of CAB (40 mg/ml) in freshly prepared urea (8.8 M) was
heated at 70°C for 6 min and allowed to cool to room temperature for
10 min. A 10 µl aliquot of the denatured protein solution was rapidly
diluted with 9.3 ml of a solution containing Tris sulfate buffer (47 mM)
and detergent (0.57 mM CTAB or STS; or 2.85 mM SDS; or 5.7 mM
TOPPS) to give a solution containing CAB (0.42 mg/ml), Tris sulfate
buffer (47 mM, pH 7.75), urea (9.5 mM) and detergent. Gentle rocking
at room temperature followed by the addition of 3.99 ml of cyclodextrin
solution (8 mM βCD for CTAB; 13.33 mM βCD for STS; 33.3 mM
MeβCD for SDS; 40 mM MeβCD for TOPPS) to initiate protein refold-
ing gave samples containing CAB (0.03 mg/ml), Tris sulfate buffer
(32 mM, pH 7.75), urea (6.5 mM), detergent (0.4 mM CTAB or STS; or
2.0 mM SDS; or 4.0 mM TOPPS) and cyclodextrin (2.4 mM βCD for
CTAB; 4.0 mM βCD for STS; 10 mM MeβCD for SDS; 12 mM MeβCD
for TOPPS). Aliquots (0.45 µl) were taken throughout the course of the
experiment and assayed for enzymatic activity.
Measurement of the kinetics of artificial-chaperone-assisted refolding
after heat denaturation in 8.8 M urea by the monitoring of regain in fluo-
rescence activity was carried out using the proportions outlined above
for the monitoring of recovery of enzymatic activity after heat denatura-
tion in urea. Final sample volumes were reduced to 1 ml, and cyclodex-
trin solutions used to initiate refolding also contained 3.33 M
acrylamide. Final solutions contained CAB (0.03 mg/ml), Tris sulfate
buffer (32 mM, pH 7.75), acrylamide (1.0 M), urea (6.5 mM), detergent
(0.4 mM CTAB or STS; or 2.0 mM SDS; or 4.0 mM TOPPS) and
cyclodextrin (2.4 mM βCD for CTAB; 4.0 mM βCD for STS; 10 mM
MeβCD for SDS; 12 mM MeβCD for TOPPS). The sample was placed
in a 5 × 10 mm quartz fluorescence cuvette and excited on the 5 mm
face at 295 nm while stirring. The fluorescence intensity of the sample
was monitored at 340 nm.
For all kinetics experiments, data were analyzed with the program
Graph Pad Prism® version 1.03. The data were fit using nonlinear
regression (R2 > 0.995 for three or more independent data sets in each
case). Data are shown in Tables 3 and 4; standard devations were cal-
culated from three or more independently measured t1/2 values.
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